We have previously shown that replication of foot-and-mouth disease virus (FMDV) is highly sensitive to alpha/beta interferon (IFN-␣/␤). In the present study, we constructed recombinant, replication-defective human adenovirus type 5 vectors containing either porcine IFN-␣ or IFN-␤ (Ad5-pIFN␣ or Ad5-pIFN␤). We demonstrated that cells infected with these viruses express high levels of biologically active IFN. Swine inoculated with 10 9 PFU of a control Ad5 virus lacking the IFN gene and challenged 24 h later with FMDV developed typical signs of foot-and-mouth disease (FMD), including fever, vesicular lesions, and viremia. In contrast, swine inoculated with 10 9 PFU of Ad5-pIFN␣ were completely protected when challenged 24 h later with FMDV. These animals showed no clinical signs of FMD and no viremia and did not develop antibodies against viral nonstructural proteins, suggesting that complete protection from infection was achieved.
Foot-and-mouth disease virus (FMDV) causes a highly contagious vesicular disease of cloven-hoofed animals. The virus spreads rapidly via aerosol, by contact with infected animals, or by movement of contaminated farm equipment, humans, and other nonsusceptible animals (2) . The economic and social impact of foot-and-mouth disease (FMD) can be catastrophic when an outbreak occurs in FMD-free countries populated with immunologically naive animals. The FMD outbreaks in Taiwan in 1997 and the 2001 outbreak in the United Kingdom that spread to France and The Netherlands resulted in the culling of millions of infected and in-contact susceptible animals and billions of dollars (U.S.) in direct and indirect costs (8, 12, 22) .
Current protocols to contain an FMD outbreak in diseasefree countries include control of animal movement, slaughter of infected and in-contact animals, disinfection, and occasionally ring vaccination followed by slaughter of vaccinated animals. The current vaccine is a chemically inactivated preparation of concentrated infected cell culture supernatant. Depending on the manufacturer, the vaccine contains various amounts of contaminating viral nonstructural (NS) proteins. Thus, although vaccination can be effective in control and elimination of the disease, FMD-free countries generally prohibit its use because of the lack of an approved diagnostic test that can reliably distinguish vaccinated from infected animals and the possibility that vaccinated animals can become disease carriers following contact with FMDV (3, 18) . The FMD outbreaks in previously disease-free countries have also emphasized the importance of rapid control in preventing spread of the disease. However, current vaccines can induce a protective response only by about 7 days postvaccination; thus, there is a need to develop disease control strategies that more rapidly induce protection.
Type I alpha/beta interferon (IFN-␣/␤) is the first line of host cell defense against virus infection (21) . Virus-infected cells are induced to express and secrete IFN-␣/␤, which binds to specific receptors on neighboring cells, priming them to a virus-resistant state via a series of events leading to activation of IFN-␣/␤-stimulated genes (9, 21, 23) . Members of our group and others have demonstrated that FMDV is highly sensitive to IFN-␣/␤ (1, 4, 5, 20) and inhibition of virus replication involves two IFN-␣/␤-stimulated-gene products: doublestranded RNA-dependent protein kinase and 2Ј-5ЈA synthetase/RNase L (4). These results suggest that IFN-␣/␤ may be useful in vivo as an anti-FMDV agent. However, IFN-␣/␤ protein is rapidly cleared; therefore, clinical use requires multiple inoculations of high doses for a prolonged time (13, 16, 19) , which can lead to adverse systemic effects (16) .
We selected recombinant, replication-defective human adenovirus type 5 (Ad5) as an alternative way to deliver IFN-␣/␤, thus allowing animals to produce IFN-␣/␤ endogenously for a period of time. Because IFN-␣/␤ is continuously expressed, this protocol can overcome rapid clearance of IFN from the To examine the biological activity of the pIFN-␣ and -␤ released from Ad5-pIFN␣ and Ad5-pIFN␤-infected IBRS2 cells, supernatant fluids were harvested at various times after infection and examined for antiviral activity by a plaque reduction assay carried out with IBRS2 cells with FMDV (5). Activity was first detected at 4 h p.i. and was as high as 256,000 U at 25 h p.i. for pIFN-␣ or 64,000 U for pIFN-␤ (Table 1) . Supernatant fluids from Ad5-A24-infected IBRS2 cells showed no detectable activity (data not shown). Porcine IFN-␣ and -␤ had essentially the same level of antiviral activity in MadinDarby bovine kidney (MDBK) cells, a bovine cell line ( Table 1) .
Effect of Ad5-pIFN␣ on swine. In a preliminary dose-response study in swine (one animal per dose), animals were inoculated intramuscularly with 10 9 PFU of an Ad5 virus lacking IFN-␣ and 10 7 , 10 8 , or 10 9 PFU of Ad5-pIFN␣. Only animals inoculated with 10 8 or 10 9 PFU of Ad5-pIFN␣ had detectable antiviral activity in their plasma samples. Antiviral activity was detectable at 16 h p.i. (400 U in the animal inoculated with 10 9 PFU), and activity was still detectable at 4 days p.i. in the animal inoculated with the highest dose. None of the inoculated animals developed a fever or any other adverse effects after inoculation.
Based on this preliminary experiment, we designed a twopart study to measure antiviral activity and examine the protective effect against FMDV challenge 24 h after inoculation with Ad5-pIFN␣. Groups of Yorkshire gilts, weighing 35 to 40 lb, were housed in separate rooms, and experimental parameters used in the study are shown in Tables 2 and 3 .
In the first part of the study, groups of animals (three per group) were inoculated with 10 9 PFU of Ad5-Blue, a virus containing the ␣ gene fragment of ␤-galactosidase (14), or 10 8 or 10
9 PFU of Ad5-pIFN␣ but were not challenged. Plasma antiviral activity was detected by 1 day p.i. only in animals inoculated with Ad5-pIFN␣ ( Table 2 ). Animals inoculated with the high dose of Ad5-pIFN␣ (group 3) showed higher titers (800 U) and a longer duration (5 days) of antiviral activity than the low-dose-inoculated animals (up to 200 U with detectable activity for 3 days). Most of the Ad5-inoculated animals showed a transient increase in temperature in the first 7 days (reaching 40°C for two to three consecutive days) but otherwise appeared healthy throughout the study.
In the second part of the study, three groups of animals were inoculated with the same Ad5 viruses (Table 3 , groups 4 to 6) and challenged 1 day p.i. with 10 5 50% bovine infectious doses of animal-derived FMDV A24 in the heel bulb of the left front foot. Among the FMDV-challenged groups, all the Ad5-Blueinoculated animals (group 4) developed signs of FMD, including viremia between 1 to 3 days postchallenge (dpc), vesicles by 3 dpc, an FMDV-specific neutralizing antibody response by 4 dpc, and a fever (temperature, Ͼ40°C) for 1 to 3 days (Fig. 1) . In group 5 (inoculated with the low dose of Ad5-pIFN␣) ( a The FMDV-specific neutralizing antibody titer (highest dilution that resulted in a 70% reduction in the number of plaques) was determined with 14-dpc sera (12-dpc serum for animal 7-7). Viremia and FMDV-specific neutralizing antibody titer were reported, for each animal, in the same order as shown in the Animal no. column.
b Lesion score was determined at 14 dpc by the number of digits plus snout with vesicles and is reported, for each animal, in the same order as shown in the Animal no. column.
2), animal #501-3 had detectable antiviral activity, 100 U, only at 1 day p.i. (0 dpc) and developed viremia at 2 dpc and vesicles at 4 dpc. Animal #199-2 had detectable antiviral activity at 1 day p.i. (0 dpc) that lasted for an additional day. This animal had viremia at 5 dpc, which continued for 2 days, and developed two lesions at 5 dpc, and disease became more severe by 7 dpc (Fig. 2) . Both of these animals developed fever for several days. Animal #186-1 also had detectable antiviral activity by 1 day p.i. (0 dpc) that lasted for an additional day (Fig.  2) . This animal did not develop viremia or fever but had one lesion on the left rear foot at 8 dpc and had a low FMDVspecific neutralizing antibody response by 4 dpc (Fig. 2) . Animal #186-1 most likely developed disease by contact or aerosol transmission from animal #501-3, 199-2, or both, since they were all housed in the same room. Clearly the FMDV-challenged low-Ad5-pIFN␣-dose group showed delayed disease and milder disease than the control animals.
Animals in group 6, given the high dose of Ad5-pIFN␣ ( Fig.  3) , had high levels of antiviral activity at 1 day p.i. (0 dpc) (400 U) that was detectable for two to three additional days. None of the animals in this group developed viremia, and all were completely protected from virus challenge. Two animals (#3-1 and 7-7) developed a very low FMDV-specific neutralizing antibody response, while animal #3-2 had no detectable neutralizing antibody (Table 3 ; Fig. 3 ). Animal #7-7 died at 12 dpc of causes unrelated to FMD and showed massive peritonitis, probably from ileal perforation.
We also examined 14-dpc sera by radioimmunoprecipitation for the presence of antibodies against FMDV NS proteins as a more sensitive measure of challenge virus replication. All animals in groups 4 and 5 developed antibodies against FMDV structural and NS proteins, while all animals given the high dose of Ad5-pIFN␣ (group 6) had no detectable antibodies against NS proteins, and only one animal had low-level but detectable antibodies against the viral structural proteins (Fig.  4, lane 4) . Identical results were obtained using a 3ABC enzyme-linked immunosorbent assay, an assay currently used to differentiate vaccinated animals from infected or convalescent animals (data not shown) (6) .
These results demonstrate that swine can be protected from FMD 1 day after inoculation with Ad5-pIFN␣ and presumably could be protected earlier, since significant antiviral activity (400 U) was detected as early as 16 h p.i. in the dose-response experiment. Animals inoculated with the high dose of Ad5-pIFN␣ appeared to clear the challenge virus rapidly, prior to virus replication, preventing detectable viremia and the induction of an antibody response against viral NS proteins. The induction of a low FMDV-specific neutralizing antibody titer in this group suggested that these animals were exposed to a very small amount of antigen for a short time. The presence of plasma antiviral activity for several days following administration of the high dose of Ad5-pIFN␣ indicates that animals may be protected for at least this time period (Table 2; (17) . Plasma, blood, and serum samples were taken from swine 304-12, 305-2, and 305-3, and the animals were physically monitored for fever and lesion score as described in Table 3 . The dashed lines in panels A, B, and D represent the lowest detectable levels in each assay, i.e., Ͻ25 U, 5 PFU, and Ͻ8 PRN 70 (serum dilution yielding a 70% reduction in the number of plaques), respectively. types of FMDV, an inherent strategic problem for FMD vaccination during an outbreak where effective vaccination requires the vaccine to be matched to the outbreak strain (7).
To our knowledge, this is the first demonstration that pretreatment with IFN-␣ successfully protects economically important animals against virus challenge. We are currently exploring a strategy that combines IFN-␣/␤ administration with vaccination so as to provide both immediate nonspecific as well as long-lasting protection against the virus serotype(s) present in the vaccine. These experiments indicate that dual inocula-FIG. 2. Effect of FMDV challenge on animals inoculated with a low dose of Ad5-pIFN␣. Animals were challenged 1 day p.i. with FMDV A24. Plasma, blood, and serum samples were taken from swine 186-1, 199-2, and 501-3, and the animals were physically monitored for fever and lesion score as described in Table 3 . The dashed lines in panels A, B, and D represent the lowest detectable levels in each assay, i.e., Ͻ25 U, 5 PFU, and Ͻ8 PRN 70 , respectively.
FIG. 3.
Effect of FMDV challenge on animals inoculated with a high dose of Ad5-pIFN␣. Animals were challenged 1 day p.i. with FMDV A24. Plasma, blood, and serum samples were taken from swine 3-1, 3-2, and 7-7, and the animals were physically monitored for fever and lesion score as described in Table 3 . The dashed lines in panels A, B, and D represent the lowest detectable levels in each assay, i.e., Ͻ25 U, 5 PFU, and Ͻ8 PRN 70 , respectively. tion induces protection when the animals are challenged 5 days later (Moraes et al., unpublished data). Thus, this combined protocol may enable previously disease-free countries to control an FMD outbreak and avoid large-scale slaughter of animals and the subsequent environmental and social concerns that arise. These strategies could also be used as a prophylactic treatment against other acute infectious viral diseases. FIG. 4 . Examination of immune response in 14-dpc serum from swine inoculated with Ad5-vectors and challenged with FMDV A24. [ 35 S]Methionine-labeled cell lysates from A24-infected IBRS2 cells were immunoprecipitated with the following: lane 1, 0-dpc serum from swine 3-1; lane 2, bovine convalescent-phase serum as a positive control; lanes 3 to 5, 14-dpc serum from swine 3-1 and 3-2 and 12-dpc serum from swine 7-7 (group 6); lanes 6 to 8, 14-dpc serum from swine 186-1, 199-2, and 501-3 (group 5); lanes 9 to 11, 14-dpc serum from swine 304-12, 305-2, and 305-3 (group 4). Samples were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 15% gel.
